We model and experimentally investigate four-port resonators fabricated by coiling microfiber couplers around a rod. The beating between coupler supermodes enhances the resonance extinction ratio, and the transmission is strongly dependent on the coupler geometry.
Optical micro-resonators (loop, knot and coil) have gained a growing interest in a variety of fields due to their low absorption loss, fabrication simplicity, and easy coupling to the input/output fibers [1] . In particular, the microfiber coil resonator (MCR) has been raised as a promising candidate for achieving high quality factor (Q-factor) with three dimensional geometry and structural stability [2] . However, many applications in optical sensors and optical communications require multi-port channels and various attempts for achieving four port micro-resonators have been introduced as a reef knot [3] , combination of knot and collection fibers [4] , and racetrack resonator [5] . All these multi-port resonators have limited Q-factors and poor long-term stability. In this work, we present the multi-port microfiber coil resonator (MMCR) made from microfiber couplers (shown in Fig. 1) , and discuss the fabrication and modeling of two MMCRs with different coupler waists.
Microfiber couplers (MC) used to manufacture MMCRs were fabricated by fusing two standard telecom optical fibers by using the modified flame brushing technique [1] . The coupler minimum waist diameter was 3.2 μm in MMCR1 and 0.7 μm in MMCR2. MCs were then coiled around a low-index support rod for 3 turns, using computer controlled rotation and linear stages [6] . Fig. 2(a) ) shows three main characteristics: (1) a complementary behavior between the spectra of the output ports, (2) a significantly stronger extinction ratio (compared to MCRs) and (3) a secondary resonance peaks. On the other hand, MMCR2 (Fig. 2(b) ) outputs are similar to each other and resemble that of a MCR. This phenomenon can be ascribed to the smaller coupler diameter, which supports only the fundamental mode and we can simply regard such a structure as a combination of fiber couplers and the MCR in the middle. Hence, the resonance coupling takes place in the middle of MCR and the light splits into two output ports, so MMCR2 performs similarly to an ordinary MCR [2] . The complementary behavior observed in the MMCR1 outputs could be explained by the presence, in the MC waist region, of more than one supermode which then beat and provide power exchange at the MC output arms. The maximum exchange occurs at the MCR resonant wavelengths, when the optical path is considerably longer than the physical path, allowing for a cumulatively larger amount of power to be exchanged than when offresonance. For this reason, the maxima and minima of the two port outputs coincide. While resonances in an ordinary MCR result from light being trapped inside the resonator, in an MMCR, the additional interaction between supermodes take place, with the overall result of an increased extinction ratio. The MMCR was modelled by modifying the original MCR differential equations [2] to incorporate the coupler behaviour. Eqns. (1-2) describe the evolution of the electric field amplitudes at a distance along the turn which has a total length L. The amplitudes for each coupler arm are treated individually and the pitch is assumed to be sufficiently large that only coupling between neighbouring turns/arms is significant.
( 1 )
The MMCR transmission is therefore given by: (3) Where represents the propagation constant, ( ), is the wavelength and is the effective index. The coupling coefficient N 1 between modes inside of the coupler was numerically calculated ( , from the coupler cross section shown in Fig. 3(a) , while (which is the coupling coefficient of the light between the turns of the coil) was taken to be [2] . The simulated results in Fig. 3(b) confirm the complementary behavior of the device as well as additional resonance peaks for the larger MC diameter. . Coil diameter and propagation loss were assumed to be 1mm and 4.6m -1 respectively.
In conclusion, multi-port coil resonators with microfibers have been successfully fabricated and examined with different coupler diameters. For a waist diameter of a few microns, the effects of the mode beating inside the coupler are dominant in the MMCR transmission, while at smaller diameters <1μm these effects disappear and the transmission of the MMCR is similar to that of the MCR. 
